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Recently observed spectrum of Pc states exhibits a strong link to ΣcD¯(∗) thresholds. In spite of successful
molecular interpretations, we still push forward to wonder whether there exist finer structures. Utilizing the
effecitve lagrangians respecting heavy quark symmetry and chiral symmetry, as well as instantaneous Bethe-
Salpeter equations, we investigate the ΣcD¯(∗) interactions and three Pc states. We confirm that Pc(4312) and
Pc(4440) are good candidates of ΣcD¯ and ΣcD¯∗ molecules with spin- 12 , respectively. Unlike other molecular
calculations, our results indicate Pc(4457) signal might be a mixture of spin- 32 and spin-
1
2 ΣcD¯
∗ molecules,
where the latter one appears to be an excitation of Pc(4440). Therefore we conclude that, confronting three
LHCb Pc signals, there may exist not three, but four molecular states.
PACS numbers:
I. INTRODUCTION
The study of exotic states, especially XYZ and pentaquarks,
has became a hot topic in recent years. Benefit from upgraded
τ-charm and b factories such BESIII, LHCb and Belle, large
amount of tetraquark candidates, as well as two pentaquark
candidates were observed. These findings indeed extend our
knowledges about non-perturbative QCD. However, the prop-
erties and inner structures of the states are still in debate, see
Refs. [1–4] for reviews of experimental and theoretical status.
The great progress was made in 2015, when two pentaquark
candidates Pc(4380) and Pc(4450) were reported by LHCb
collaboration [5]. With an amplitude analysis, LHCb stud-
ied the process Λb → J/ψK−p and observed them in J/ψp
final states. Both resonances have to be fulfilled with minimal
quark content cc¯uud, therefore they are good candidates of
hidden-charm pentaquarks. Just after the discovery, different
dynamics were applied to look into their nature: the molecu-
lar states of ΣcD¯(∗) [6–8], the compact pentaquark structures
[9–12], the dynamical effects [13–15], and etc. Till now, peo-
ple have made tremendous effects to clarify their constituents
and quantum numbers [1, 3]. Besides, some predictions have
already made before the observations of the Pc states [16, 18–
20, 66].
Recently, LHCb [21] re-examined the process Λb →
J/ψK−p with nine-times larger decay samples compared to
Ref. [5], and reveals a more sophisticated structure in J/ψp in-
variant mass spectrum than before: Pc(4450) signal splits into
two peaks Pc(4440) and Pc(4457), while a new pentaquark
state Pc(4312) shows up in the lower mass region. The param-
eters of these P+c states are collected in Tab. I. From Tab. I, we
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TABLE I: Summary of the P+c properties observed by the LHCb.
State M [MeV] Γ [MeV]
P+c (4312) 4311.9 ± 0.7+6.8−0.6 9.8 ± 2.7+3.7−4.5
P+c (4440) 4440.3 ± 1.3+4.1−4.7 20.6 ± 4.9+8.7−10.1
P+c (4457) 4457.3 ± 0.6+4.1−1.7 6.4 ± 2.0+5.7−1.9
notice that the masses of Pc(4440) and Pc(4457) are slightly
below ΣcD¯∗ threshold, while Pc(4312) is quite close to ΣcD¯,
therefore it is strongly believed that ΣcD¯(∗) interactions are re-
sponsible for the enhancements in the J/ψp invariant spec-
trum. So far, a number of papers have came out to interpret the
new results, which carry different opinions such as the molec-
ular states [22–43], pentaquarks [44–50], hadro-charmonium
[51], and etc.
As indicated above, ΣcD¯(∗) molecular interpretations seem
to be the most suitable option. Although many papers (such as
Refs. [22, 35]) have confirmed their molecular nature, it is still
necessary to examine it from a different approach. Further-
more, the old Pc(4450) splits into Pc(4440) and Pc(4457), so
are there any chances that three Pc states may have finer struc-
tures considering the complexity of threshold interaction?
To answer the question, we will study ΣcD¯(∗) interactions
and the three Pc states. We first calculate the heavy-hadron
interaction amplitudes within the chiral symmetry and heavy
quark symmetry [61–66], then iterate the obtained interac-
tion kernel into the Bethe-Salpeter equation (BSE) to explore
the nature of the ΣcD¯(∗) heavy-hadron systems. The Bethe-
Salpeter (BS) methods adopted here have been successfully
applied to investigate the properties of the meson systems, in-
cluding the mass spectra, hadronic transitions and weak de-
cays [52–60], as well as the recent Ξcc study [67]. Therefore
extending to the meson-baryon molecular systems is quite nat-
ural.
Besides, in the BS framework, the relativistic effects and
the mixing of the different partial waves can be automatically
ar
X
iv
:2
00
1.
02
98
0v
1 
 [h
ep
-p
h]
  9
 Ja
n 2
02
0
2involved, in spite of some approximations.
It is worth mentioning that, to understand the near thresh-
old phenomenas and resonance formations in a two-hadron
system, a non-perturbative resummation is quite crucial.
Such resummation has been considered in chiral dynamics
of nucleon-nucleon systems [68–70] and heavy meson sys-
tems [71], as well as the phenomenological studies of molec-
ular states and XYZ exotics (see reviews [1, 2]). A non-
perturbative resummation is to partially summit interactions to
all order, which can be achieved by a proper iterating equation
such as the LippmannSchwinger equation, the Bethe-Salpeter
equation and etc. However, the studies mentioned above take
simplified or non-relativistic equations. Therefore, in this ar-
ticle we also want to focus on the BS equation itself to push
forward the resummation method.
In the present work, we will study Pc(4312), Pc(4440) and
Pc(4457) states by investigating ΣcD¯(∗) interactions. First, we
adopt the effective Lagrangians with the heavy quark symme-
try and chiral symmetry to calculate the transition amplitudes
of the ΣcD¯(∗) interactions. Then, we iterate them into the in-
stantaneous Bethe-Salpeter equation, and look for the bound
state solutions. With careful studies of the meson-baryon in-
teractions, we hope that the natures of three Pc states, which
are astonishingly close to the corresponding thresholds, can
be answered. One notice that there exists similar works with
different approximations: Refs. [24, 72] studied Pc(4312),
Pc(4440) and Pc(4457) with a quasipotential Bethe-Salpeter
equation approach; Ref. [73] stduied one of three Pc states
Pc(4312) with the Bethe-Salpeter equation.
This work is organized as follows. After introduction, we
introduce the effective lagrangians, and present the calculated
interaction kernels (Sec. II). In Sec. III, we exhibit the Bethe-
Salpeter equations for ΣcD¯(∗) interactions. In Sec. IV numeri-
cal results and some discussions are presented. Sec. V denotes
to a brief summary and conclusion of this work.
II. LAGRANGIANS AND ΣcD¯(∗) INTERACTION KERNELS
To study the ΣcD¯(∗) interactions later, we illustrate the cor-
responding lagrangians first. The interaction between a S -
wave heavy-light meson and a light pseudoscalar meson reads
[61–64]
LHcP = +g〈H¯c/uγ5Hc〉. (1)
In the above, Hc field represents the (D¯, D¯∗) doublet in the
heavy quark limit
Hc =
(
P∗cµγ
µ + iPcγ5
) 1 − /v
2
,
H¯c = γ0H†cγ
0 =
1 − /v
2
(
P∗†cµγ
µ + iP†cγ5
)
,
Pc = (D¯0,D−,D−s ), P
∗
cµ = (D¯
∗0,D∗−,D∗−s )µ. (2)
v = (1, 0, 0, 0) stands for the 4-velocity of the H field. The
axial vector field u is expressed as uµ = i2 {ξ†, ∂µξ} = − ∂µφ2 f + ...,
where ξ = exp(iφ/2 f ), f is the pi decay constant ( fexp =
92 MeV ), and
φ =
√
2

1√
2
pi0 + η√
6
pi+ K+
pi− − 1√
2
pi0 + η√
6
K0
K− K¯0 − 2η√
6
 . (3)
Similarly, the interactions between heavy-light and light-
vector (-scalar) mesons read [64, 66]
LHV = iβ〈H¯cvµVµHc〉 + iλ〈H¯cσµνFµν(V)Hc〉, (4)
LHσ = gs〈H¯cσHc〉, (5)
where Fµν(V) = ∂µVν − ∂νVµ + [Vµ, Vν] and
V =
igV√
2

ρ0√
2
+ ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+ ω√
2
K∗0
K∗− K¯∗0 φ
 . (6)
The interactions between S -wave heavy baryon and light
mesons are [63, 65, 66]
LB3¯ = +iβB〈B¯3¯vµ(−Vµ)B3¯〉 + `B〈B¯3¯σB3¯〉, (7)
LS = i32g1
µνλκ vκ 〈S¯µuνSλ〉 + iβS 〈S¯µvα(−Vα)Sµ〉
+λS 〈S¯µFµν(V)Sν〉 + `S 〈S¯µσSµ〉. (8)
Here, Sabµ is composed of Dirac spinor operators
Sabµ = −
√
1
3
(γµ + vµ)γ5Bab6 + B∗ab6µ , (9)
S¯abµ =
√
1
3
B¯ab6 γ5(γµ + vµ) + B¯∗ab6µ , (10)
with
B3¯ =
 0 Λ
+
c Ξ
+
c
−Λ+c 0 Ξ0c
−Ξ+c −Ξ0c 0
 , (11)
B6 =

Σ++c
1√
2
Σ+c
1√
2
Ξ′+c
1√
2
Σ+c Σ
0
c
1√
2
Ξ′0c
1√
2
Ξ′+c
1√
2
Ξ′0c Ω0c
 . (12)
We consider two isospin channels (I = 12 ,
3
2 ) of ΣcD¯
(∗) in
our work, which contain eigenstates:
∣∣∣∣12 , 12〉 =
√
2
3
∣∣∣∣Σ++c ; D¯(∗)−〉 − √13 ∣∣∣∣Σ+c ; D¯(∗)0〉 ,∣∣∣∣32 , 12〉 =
√
1
3
∣∣∣∣Σ++c ; D¯(∗)−〉 + √23 ∣∣∣∣Σ+c ; D¯(∗)0〉 . (13)
With preparations above, we are able to calculate the in-
teraction kernels which will be iterated into the instantaneous
Bethe-Salpeter equation later. These kernels represent tree-
level one-meson-exchange diagrams, including σ, pi, η, ρ and
ω exchanges.
3The calculated interaction kernel for ΣcD¯ is expressed as
K(s⊥) = F2(s2⊥) (V1 + V2 /s⊥) , (14)
where F(s2⊥) denotes the form factor for the interaction ver-
texes.
In the following, we specify the gS , `S , g, g1, β, βS , λ and
λS (in Eqs. (1), (4), (5) and (8)) to σ1, σ2, pi1, pi2, ρV1 , ρ
V
2 , ρ
T
1
and ρT2 respectively, for convenience. For I =
1
2 , potentials V1
and V2 read
V1 =
2σ1σ2
E2σ
+ ρV1 ρ
V
2 g
2
V
 1E2ρ + 12E2ω
 , (15)
V2 =
1
3
ρV1 ρ
T
2g
2
V
 2E2ρ − 1E2ω
 . (16)
For I = 32 , V1 and V2 are
V1 =
2σ1σ2
E2σ
+
1
2
ρV1 ρ
V
2 g
2
V
 1E2ω + 1E2ρ
 , (17)
V2 = −13ρ
V
1 ρ
T
2g
2
V
 1E2ρ + 1E2ω
 . (18)
In the above, Eφ =
√
~s2 + mφ denotes the energy of the ex-
changed meson, with φ = σ, η, ρ, or ω. Notice that in the ΣcD¯
interaction, only σ and ρ(ω) exchanges contribute.
The interaction kernel for ΣcD¯∗ is written by
Kαβ(s⊥) =F2(s2⊥)
[
κ1gαβ + κ2 /s⊥gαβ + κ3 /s⊥(γαs
β
⊥ − γβsα⊥)
+ κ4γ
αγβ
]
. (19)
For the isospin- 12 states, we have potentials
κ1 = − 2σ1σ2E2σ
+
pi1pi2~s2
f 2
 1E2pi − 16E2η
 + ρV1 ρV2 g2V( 1E2ρ
− 1
2E2ω
)
, (20)
κ2 =
1
3
ρV1 ρ
T
2g
2
V
 1E2ω − 2E2ρ
 , (21)
κ3 =
pi1pi2~s2
f 2
 1E2pi − 16E2η
 + 23ρT1ρT2g2V
 2E2ρ − 1E2ω
 , (22)
κ4 = − pi1pi2~s
2
f 2
 1E2pi − 16E2η
 . (23)
For the isospin- 32 states,
κ1 = − 2σ1σ2E2σ
− pi1pi2~s
2
2 f 2
 1E2pi + 13E2η
 − 12ρV1 ρV2 g2V
( 1
E2ρ
+
1
E2ω
)
, (24)
κ2 =
1
3
ρV1 ρ
T
2g
2
V
 1E2ω + 1E2ρ
 , (25)
κ3 = − pi1pi2~s
2
2 f 2
 1E2pi + 13E2η
 − 23ρT1ρT2g2V
 1E2ρ + 1E2ω
 , (26)
κ4 =
pi1pi2~s2
2 f 2
 1E2pi + 13E2η
 . (27)
III. THE BETHE-SALPETER EQUATIONS OF THE ΣcD¯(∗)
SYSTEMS
In this part, we further study the Bethe-Salpeter formalism
of the meson-baryon system ΣcD¯(∗). Considering JP = 1−
or 0− for D¯(∗) and JP = 12
+ for Σc, the corresponding Bethe-
Salpeter equations and BS wave functions can be obtained.
A. Σc( 12
+)D¯∗(1−) system
P P
p1
p2
k1
k2
p1
p2
(α)
i
(α)(β)
(γ)
i′′
i′ i
= K
FIG. 1: (color online) The Bethe-Salpeter equation of the meson-
baryon system. The Greeks (red) denote the Lorentz indices, while
the Romans (blue) represent the Dirac indices. P, p1(k1) and p2(k2)
stand for the momenta of the pentaquark, meson component, and the
baryon component respectively.
The Bethe-Salpeter equation for a meson-baryon system is
schematically depicted in Fig. 1, which is written by
Γα(P, q, r) =
∫
d4k
(2pi)4
(−i)Kαβ(P, k⊥, q⊥)[S (k2)Γγ(P, k, r)
× Dβγ(k1)], (28)
where Γ(P, q, r) denotes the pentaquark (refered as Pc below)
vertex carrying total momentum P, inner relative momentum
q, and spin state r. Here we have on-shell condition P2 = M2,
with M the Pc mass. The inner relative momenta q and k are
defined as
q = α2p1 − α1p2, k = α2k1 − α1k2, (29)
with α1(2) ≡ M1(2)M1+M2 . k1(2) and M1(2) are the momentum and
mass of the meson component (baryon component) respec-
tivly. S (k2) = i 1/k2−M2 is the free propagator of the baryon,
while the propagator Dαβ (for the JP = 1− meson) reads
Dαβ(p1) = D(p1)dαβ(p1⊥), dαβ(p1⊥) = −gαβ +
pα1⊥p
β
1⊥
M21
,
where D(p1) = i 1p21−M21+i
, p1⊥ = p1 − p1 ·v v.
4We define a four-dimensional BS wave function and a
three-dimensional Salpeter wave function below:
ψβ(P, q) = S (p2)Γγ(P, q, r)Dβγ(p1), (30)
ϕβ(P, q⊥) ≡ −i
∫
dqP
2pi
ψβ(P, q), (31)
where qP = q·v and q⊥ = q − qPv.
Performing the contour integral over qP on both sides of
Eq. (30) (see appendixA for details), we obtain the Salpeter
equation (SE),
ϕα(P, q⊥) =
1
2ω1
[
Λ+
M − ω1 − ω2 +
Λ−
M + ω1 + ω2
]
dαβ(p1⊥)
× Γβ(P, q⊥). (32)
In the above, ωi =
√
M2i − p2i⊥ with i = 1, 2 stands for the
kinematic energy of the constituent meson or baryon. We also
have the projector operators,
Λ±(p2⊥) =
1
2
[
1 ± Hˆ(p2⊥)
]
γ0 (33)
with Hˆ = H/ω2, and the Dirac Hamilton H(p2⊥) = ( /p2⊥ +
m2)γ0.
We further split ϕ into a positive and a negative energy wave
functions:
ϕβ = ϕ
+
β + ϕ
−
β , ϕ
±
β (P, q⊥) = Λ
±γ0ϕβ. (34)
Notice in the weak binding condition M ∼ (ω1 + ω2), we
have ϕ+  ϕ−, i.e. the positive energy wave function ϕ+(q⊥)
dominates. Combined with Eq. (34), the SE of ΣcD¯∗ system
can be further simplified to a “Shro¨dinger-like” equation:
Mϕα = (ω1 + ω2)Hˆ(p2⊥)ϕα +
dαβγ0Γβ(q⊥)
2ω1
, (35)
with Γβ(q⊥) the integral of Salpeter wave function and the ker-
nel,
Γβ(q⊥) =
∫
d3k⊥
(2pi)3
Kβγ(s⊥)ϕγ(P, k⊥). (36)
Notice that the interaction kernel K(s⊥) is assumed to be in-
stantaneous, thus has no dependence on the time component
of the momentum transfer s = (k − q).
Let us focus on the three-dimensional BSE (35). We can
see that, the Salpeter wave function ϕα(q⊥) in Eq. (32) is
just transformed to an integral-type eigenvalue equation. In
Eq. (35), the first term of the right side, which is determined
by Dirac Hamiltonian H, stands for the kinetic energy. The
second term contains the interaction kernel K, therefore rep-
resents the potential energy.
In general, the normalization of a BS wave function is ex-
pressed as
− i
∫ ∫
d4q
(2pi)4
d4k
(2pi)4
ψ¯α(P, q, r¯)
∂
∂P0
Iαβ(P, k, q)ψβ(P, k, r)
= 2Mδrr¯, (37)
where
Iαβ(P, q, k) =(2pi)2δ4(k − q)S −1(p2)D−1αβ(p1)
+ iKαβ(P, k, q). (38)
In the above, we have the inverse of the vector propagator
D−1αβ(p1) = ϑαβD
−1(p1),
with ϑαβ = −gαβ + pα1⊥p
β
1⊥
ω21
as well as the identity ϑαβdβγ = δαγ .
As mentioned before, the interaction kernel is assumed
to be no dependence on P0 and qP, namely, Kαβ(P, k, q) '
Kαβ(s⊥), therefore the normalization would only involve the
term related to two inversed propagators. After some deduc-
tion, Eq. (37) can be further simplified to∫
d3q⊥
(2pi)3
2ω1ϑαβϕ¯α(q⊥, r¯)γ0ϕβ(q⊥, r) = 2Mδrr¯, (39)
which is just the normalization condition of Salpeter equation
(31).
B. Σc( 12
+)D¯(0−) system
Similarly, the Bethe-Salpeter equation for ΣcD¯ system
reads
Γ(P, q, r) =
∫
d4k
(2pi)4
(−i)K(P, k⊥, q⊥)[S (k2)Γ(P, k, r)D(k1)],
(40)
where Γ(P, q, r) denotes Pc vertex. The BS wave function ψ
and related Salpeter wave function ϕ are also defined as
ψ(P, q) = S (k2)Γ(P, q, r)D(q1), (41)
ϕ(P, q⊥) ≡ −i
∫
dqP
2pi
ψ(P, q) (42)
Performing the contour integral on qP over both sides of
Eq. (41), we obtain the Salpeter equation
Mϕ(q) = (ω1 + ω2)Hˆ(p2⊥)ϕ +
γ0Γ(q)
2ω1
, (43)
with
Γ(q⊥) =
∫
d3k⊥
(2pi)3
K(s⊥)ϕ(P, k⊥). (44)
Applying the same strategy above, we obtain the normal-
ization of ϕ:∫
d3q⊥
(2pi)3
2ω1ϕ¯(q⊥, r¯)γ0ϕ(q⊥, r) = 2Mδrr¯. (45)
5C. The constructions of the Salpeter wave functions and
further reductions
We first turn to Σc( 12
+)D¯(0−) system. Accounting the spin-
parity and the Lorentz structures, the Salpeter wave function
(JP = 12
−) can be constructed as
ϕ(P, q⊥, r) = A(q⊥)γ5u(P, r) =
(
f1 + f2
/q⊥
q
)
γ5u(P, r), (46)
where f1(2)(|~q |) only depends on |~q |.
It is worth mention that, the wave function above can be
rewritten in terms of the spherical harmonics Yml :
ϕ(P, q⊥, r) =C0
[
f1Y00 + C1 f2
(
Y+11 γ
− + Y−11 γ
+ − Y01γ3
)]
× γ5u(P, r), (47)
where C0 = 2
√
pi and C1 = 1√3 ; γ
± = ∓ 1√
2
(γ1 ± iγ2). There-
fore it is quite obvious that f1 and f2 represent S - and P-wave
components, respectively.
By inserting the wave function into Eq. (45), we obtain the
normalization ∫
d3q⊥
(2pi)3
2ω1
(
f 21 + f
2
2
)
= 1. (48)
The 12
− Salpeter wave function composited of Σc( 12
+)D¯∗(1−)
can be written as
ϕα(P, q⊥, r) = Aα(q⊥)u(P, r), (49)
with
Aα =
(
g1 + g2
/q⊥
q
)
(γα − vα) +
(
g3 + g4
/q⊥
q
)
qˆ⊥α,
where qˆ⊥α =
q⊥α
|~q | , u(P, r) represents the Dirac spinor carrying
momentum P and spin state r. Notice that the radial wave
function gi(|~q |) (i = 1, · · · , 4) only depends on |~q |. It is clear
that g1 corresponds to S wave, g2(3) belongs to P wave, and
g4 contributes both to S and D partial waves (see Ref. [67] for
a further reading about different partial waves in terms of the
spherical harmonics Yml ).
Inserting Eq. (49) into Eq. (39), we obtain following nor-
malization condition∫
d3q⊥
(2pi)3
2ω1
[
3c3
(
g21 + g
2
2
)
+ c1
(
g23 + g
2
4 − 2g1g4 + 2g2g3
)]
= 1, (50)
where c = −q2/ω21, c1 = 1 + c, c3 = 1 + c/3.
For the 32
− state with Σc( 12
+)D¯∗(1−), the Salpeter wave func-
tion is written by
ϕα(P, q⊥, r) = Aαβγ5uβ(P, r), (51)
where
Aαβ(q⊥) ≡
(
h1 + h2
/q⊥
q
)
gαβ +
(
h3 + h4
/q⊥
q
)
(γα + vα)qˆ⊥β
+
(
h5 + h6
/q⊥
q
)
qˆ⊥αqˆ⊥β.
In Eq. (51), uβ(P, r) is a Rarita-Schwinger spinor with polar-
ization r = ± 32 , ± 12 . Note that the constructed Salpeter wave
functions (49), (51) fulfills the condition Pαϕα = 0.
The normalization of Eq. (51) is calculated to be∫
d3q⊥
(2pi)3
2ω1
[
c3
4∑
i=1
h2i +
1
3
c1
(
h25 + h
2
6 + 2h4h5
− 2h1h5 − 2h2h6 − 2h3h6
)
+
2
3
c (h2h3 − h1h4)
]
= 1, (52)
where the following completeness relation [74] has been used:∑
r
uα(P, r)u¯β(P, r)
= ( /P + M)
[
−gαβ + 1
3
γαγβ − P
αγβ − Pβγα
3M
+
2PαPβ
3M2
]
.
(53)
With above preparations, we are ready to transform
Eqs. (35) and (43) into a set of coupled eigenvalue equations.
For example, inserting the Salpeter wave function (46) into
Eq. (43), we obtain[
M − (ω1 + ω2)Hˆ(p2⊥)
]
A(q⊥)γ5u(P, r)
=
1
2ω1
γ0
∫
d3k⊥
(2pi)3
K(s⊥)Aγ5u(P, r). (54)
After eliminating the spinor as well as projecting out the radial
wave function, we obtain two coupled eigenvalue equations
for ΣcD¯ system
M f1(|~q |) =R11 f1(|~q |) + R12 f2(|~q |) − 12ω1
∫
d3~k
(2pi)3
[
V1 f1(|~k |)
+
~s · ~k
k
V2 f2(|~k |)
]
, (55)
M f2(|~q |) =R21 f1(|~q |) + R22 f2(|~q |) − 12ω1
∫
d3~k
(2pi)3
[
~s · ~q
q
× V2 f1(|~k |) −
~k · ~q
kq
V1 f2(|~k |)
]
, (56)
where R22 = −R11 = m2(ω1 + ω2)/ω2, R12 = R21 =
q(ω1 + ω2)/ω2. Here, the eigenvalue M is just Pc mass. Solv-
ing these equations numerically, the corresponding mass spec-
tra and wave functions can be obtained.
By inserting Eqs. (49) and (51) into Eq. (35), we can also
work out the coupled eigenvalue equations for ΣcD¯∗ system
with JP = 12
−, 32
−.
IV. NUMERICAL RESULTS AND DECODING THREE Pc
STATES
In order to perform the numerical calculations, we first
specify the values of the parameters used in this work [6, 22,
624, 66, 75]:
σ1 = 0.76, pi1 = 0.59, ρV1 = 0.9, ρ
T
1 = 0.56 GeV
−1,
σ2 = 6.2, pi2 = 0.94, ρV2 = 1.74, ρ
T
2 = 3.31 GeV
−1,
gV = 5.9. (57)
We apply a monopole form factor in our work:
F(s2⊥) =
Λ2
−s2⊥ + Λ2
, (58)
where Λ is a parameter that characterizes the shape of the form
factor, and usually set to the energy scale of the meson ex-
change. In our case, Λ = 0.12 GeV for ΣcD¯∗ and 0.18 GeV
for ΣcD¯. Notice that in the limit s2 → 0, the heavy hadrons
are treated as free and point-like particles, therefore the form
factor is normalized to 1 at s2 → 0.
First, we illustrate the results of the potential Vi and κi with
I = 12 appearing in Eqs. (14) and (19). Their s (transferred
momentum) dependences are depicted in Fig. 2.
   GeVs
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-
1
 
 
 
G
eV
2
F
× iV
8−
6−
4−
2−
0
2
4
1   V
2   sV
(a)Vi · F2 (i = 1, 2)
   GeVs
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-
1
 
 
 
G
eV
2
F
× i
κ
5−
0
5
10
1κ  
2κ  s
3κ
2
  s
4κ  
(b)κi · F2 (i = 1, · · · , 4)
FIG. 2: The isospin- 12 potentials Vi ·F2 (i = 1, 2) and κn · F2 (n =
1, · · · , 4) for ΣD¯ and ΣcD¯∗, respectively.
After solving the relevant eigenvalue equations, we find
bound state solutions for I = 12 ΣcD¯
(∗) systems. The obtained
mass spectra and corresponding binding energy are listed in
Tab. II. To see the sensitivities of the calculations, we also
vary Λ by ±5% as uncertainties.
For ΣcD¯, with the reasonable parameter Λ the mass of ex-
perimental Pc(4312) can be well reproduced, i.e., we obtain
TABLE II: Calculated mass spectrum and binding energy ∆E (in
MeV) of ΣcD¯(∗) system with I = 12 , as well as categorized Pc.
ΣcD¯(∗)
(
JP
)
M ∆E Pc
ΣcD¯
( 1
2
−) 4313−2
+2 −5+2−2 Pc(4312)
ΣcD¯∗
( 1
2
−) 4440−5
+4 −20+5−4 Pc(4440)
ΣcD¯∗
( 3
2
−) 4457−2
+1 −3+2−1 Pc(4457)
ΣcD¯∗
( 1
2
−) 4456−1
+1 −4+2−1 Pc(4457)
the meson-baryon bound state with mass 4.313 GeV. There-
fore Pc(4312) is a good candidate of I = 12 ΣcD¯ molecular
state carrying JP = 12
−.
For ΣcD¯∗ system, we obtain two bound states: spin- 12 with
mass 4.440 GeV and spin- 32 with 4.457 GeV. These two are
consistent well with the experimental Pc(4440) and Pc(4457)
respectively. We conclude Pc(4440) can be treated as I = 12
ΣcD¯∗ molecular state carrying JP = 12
−, while Pc(4457) is
I = 12 ΣcD¯
∗ molecular state carrying JP = 32
−.
However, it is not the end of our story. Differed from other
molecular calculations, our approaches indicate an additional
state in the I = 12 ΣcD¯
∗ channel. This Pc state is an excita-
tion of Pc(4440) which carries JP = 12
−. The most interesting
thing is, it has mass M = 4.456 GeV, which is located right at
Pc(4457) mass region. Therefore we speculate that Pc(4457)
signal discovered by LHCb may contain two overlapped sig-
nals: spin- 12 one and spin-
3
2 one.
We now refer the spin- 12 signal as P
′
c(4457). In a word,
we totally determine four ΣcD¯(∗) molecular states: Pc(4312),
Pc(4440), Pc(4457) and P′c(4457), where the last two are
mixed as observed signal in J/ψp mass spectrum [21].
The BS wave functions of Pc(4312), Pc(4440), Pc(4457)
and P′c(4457) are displayed in Fig. 3. We can see that, f2
is dominant in Pc(4312)’s wave function, while g2 is quite
prominent in the wave functions of Pc(4440) and P′c(4457). In
general, we observe that the wave functions of the Pc states are
mixtures of S , P, D waves and even radial exited components.
Notice that in our framework, there only exists limited number
(four in our case) of bound states.
P′c(4457) predicted in our work is mainly a first radial ex-
citation, which means it has a similar property comparing to
Pc(4440). Furthermore the mass gap between Pc(4440) and
P′c(4457) are just ∼ 17 MeV, we believe their widths are quite
close. However, as a radial excitation, we prefer a smaller
production ratio of P′c(4457), therefore it is reasonable that
LHCb can describe 4457 MeV peak now without additional
P′c(4457).
Indeed, with the limited informations in [21] we can not
trace P′c(4457) for now. We expect that LHCb can further in-
vestigate quantum numbers and more decay channels, as well
as add P′c(4457) in their amplitude analysis, to justify our pre-
dictions. For example, LHCb can include only spin- 12 or both
spin- 32 and spin-
1
2 at 4457 Mev for comparing. On the other
hand, for providing more useful and specific informations, we
will theoretically investigate the decay properties and produc-
7tion mechanism in future work.
In addition, we did not find any I = 32 partners of the ΣcD¯
(∗)
systems.
V. SUMMARY
Recently, LHCb re-examined the process Λb → J/ψK−p,
and discovered three Pc pentaquarks: Pc(4312), Pc(4440) and
Pc(4457) [21]. Although their molecular nature has been con-
firmed by many papers, we still think there may emerge inter-
esting structures among three Pc signals considering the expe-
rience that old Pc(4450) splits into Pc(4440) and Pc(4457).
Benefited from the effective lagrangians respecting the chi-
ral and heavy quark symmetry, as well as the instantaneous
Bethe-Salpeter equation, we investigate ΣcD¯(∗) interactions
and observed Pc signals. First, we calculate the ΣcD¯(∗) inter-
action amplitudes according to the effective lagrangians, and
study the behaviors of the potentials (Fig. 2). Then, we study
the BS formalism of the ΣcD¯(∗) system, iterate former inter-
actions into the BS equations. Finally, we obtain molecular
solutions as well as their BS wave functions (Fig. 3).
Our calculations show that, Pc(4312) can be treated as I =
1
2
−
ΣcD¯ molecular state with JP = 12
−, while Pc(4440) is a
good candidate of I = 12 ΣcD¯
∗ molecule, which also carries
JP = 12
−.
Differed from other molecular calculations, our work in-
deed indicate not one, but two bound states in Pc(4457) mass
region: one is ΣcD¯∗ with JP = 32
−, another is ΣcD¯∗ carrying
JP = 12
−, which is just an excitation of Pc(4440). Therefore
we conclude that Pc(4457) signal discovered by LHCb might
be a mixture of JP = 12
− and 32
− states.
In a word, we totally determine four molecular states
Pc(4312), Pc(4440), Pc(4457) and P′c(4457), which matches
to three LHCb signals. We speculate the existence of the ad-
ditional excitation (P′c(4457)) is necessary, because the rel-
atively large excitation space of ground Pc(4440). Also,
P′c(4457) has very similar decay property with Pc(4440).
Moreover, we did not support any existences of correspond-
ing isospin- 32 molecular solutions in our calculations.
We expect LHCb can perform amplitude analysis with more
data samples, as well as search for other decay channels, to
separate two states in 4457 MeV signal region. We hope our
conclusions can be testified in the future.
Acknowledgments
We thank Xiang Liu for helpful discussions. This work
is supported by the Fundamental Research Funds for the
Central Universities, under Grant No. 31020180QD118 and
No. 310201911QD054. This work is supported in part by the
National Natural Science Foundation of China (NSFC) under
Grant Nos. 11575048, 11745006, 11535002, 11675239, and
11821505.
Appendix A: Some expressions for derivations of the Salpeter
equation
To perform the contour integral, we rewrite the propagators:
S (p2) = i
1
/p2 − m2 = −i
(
Λ+
qP − ζ+2 − i
+
Λ−
qP − ζ−2 + i
)
,
(A1)
D(p1) = i
1
p21 − m21
= i
1
2ω1
(
1
qP − ζ+1 + i
− 1
qP − ζ−1 − i
)
,
(A2)
where ζ±2 = α2M ∓ ω2, ζ+1 = −α1M ± ω1.
Inserting above expressions into Eq. (30), then performing
the contour integral over qP, we obtain the three-dimensional
Salpeter equation (32). Utilizing ϕ±α defined in Eq. (34), the
equation further reduces two coupled equations:
(M − ω1 − ω2)ϕ+α =
Λ+dαβΓβ
2ω1
, (A3)
(M + ω1 + ω2)ϕ−α =
Λ−dαβΓβ
2ω1
, (A4)
which can otherwise be simplified to Eq. (35).
The BS vertex can also be expressed by the Salpeter wave
function as
Γα(P, q) = S −1(p2)D−1(p1)ϑαβψβ(P, q).
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